Serial femtosecond crystallography (SFX) has enabled the damage-free structural determination of metalloenzymes and filled the gaps of our knowledge between crystallographic and spectroscopic data. Crystallographers, however, scarcely know whether the rising technique provides truly new structural insights into mechanisms of metalloenzymes partly because of limited resolutions. Copper nitrite reductase (CuNiR), which converts nitrite to nitric oxide in denitrification, has been extensively studied by synchrotron radiation crystallography (SRX). Although catalytic Cu (Type 2 copper (T2Cu)) of CuNiR had been suspected to tolerate X-ray photoreduction, we here showed that T2Cu in the form free of nitrite is reduced and changes its coordination structure in SRX. Moreover, we determined the completely oxidized CuNiR structure at 1.43 Å resolution with SFX. Comparison between the high-resolution SFX and SRX data revealed the subtle structural change of a catalytic His residue by X-ray photoreduction. This finding, which SRX has failed to uncover, provides new insight into the reaction mechanism of CuNiR.
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Since the invention of the HaberBosch process, the amount of nitrogen oxides fixed in soils and waters has been increasing and the global nitrogen cycle has gradually changed (1, 2) . In the cycle, nitrogen fixed in the form of ammonium salts are converted to nitrogen oxides and then reduced to a dinitrogen gas in a stepwise manner (NO 3 À ! NO 2 À ! NO ! N 2 O ! N 2 ) (3). This reduction process, denitrification, is the main path for fixed nitrogen to be removed and hence has major agronomic and environmental impacts. Chemical reactions in denitrification are performed by microorganisms and coupled with their anaerobic respiratory systems in which metalloenzymes are utilized (3, 4) . Nitrite reduction to nitric oxide (NO 2 À + e À + 2H + ! NO + H 2 O) is an important step in denitrification where the ion is changed to the toxic and highly reactive gas. Two types of dissimilatory nitrite reductase (NiR) have been identified to date (3, 4) . One of them is cd 1 -type heme nitrite reductase (cd 1 NiR), which functions as a homodimer (5) . The other one is copper nitrite reductase (CuNiR): a homotrimeric copper-containing enzyme. CuNiR can also reduce dioxygen to hydrogen peroxide (6, 7) and catalyse the dismutation of superoxide (8) . Each monomer of typical CuNiR contains two copper sites: Type 1 Cu (T1Cu) with a CysMetHis 2 ligand set and Type 2 Cu (T2Cu) with a His 3 ligand set (913). The T1Cu site accepts an electron from c-type cytochromes (14, 15) or blue copper proteins (6, 16, 17) , when CuNiR and the donor protein form a transient electron transfer (ET) complex. The received electrons are transferred to the T2Cu site, the catalytic centre, through a CysHis pathway. The AspHis pair (Asp  cat and His   cat   ) , which is conserved above the T2Cu site and connected via a water molecule (bridging water), is essential to the enzymatic activity (18, 19) , though the exact role has been ambiguous.
In conventional synchrotron radiation crystallography (SRX), strong X-ray beams induce photoreduction of metal centres and destroy their natural structures (2023). Spectroscopic analysis revealed that T1Cu in CuNiR is rapidly reduced by synchrotron X-ray (24) . T2Cu is more resistant, than T1Cu, to Xray damage in the absence of NO 2 À . When the substrate binds to T2Cu, X-ray photoreduction of T1Cu is followed by ET from T1Cu to T2Cu, which results in reduction of NO 2 À in crystallo (24) . This gated ET is explained by the concept of proton-coupled ET (25, 26) , although the detailed mechanism remains to be elucidated. Because the presence of NO 2 À accelerates intramolecular ET also in solution (2527), it is obvious that ET from T1Cu to T2Cu is gated to some extent. However, kinetic studies demonstrated the random sequential mechanism of nitrite reduction; i.e. intramolecular ET can occur both with and without the binding of the substrate (28, 29) . Especially, intramolecular ET before substrate binding is dominant at low pH (56.5) (28) . Moreover, we have recently shown that substrate-free T2Cu in a CuNiR crystal crystallized at pH 4.5 may be reduced by synchrotron X-rays and that an unknown chemical reaction occurs on T2Cu during data collection (30) .
To investigate the nitrite reduction mechanism in CuNiR, detailed structural comparison between its oxidized and reduced state is necessary. Here, we closely examined X-ray-induced structural changes and chemical reactions at the T2Cu site using a helical scan method combined with microfocus X-ray beams (31) . Furthermore, we determined the first completely oxidized CuNiR structure using serial femtosecond crystallography (SFX) with X-ray free-electron laser (XFEL) (32) , which has enabled damage-free structural determination of metalloenzymes even at room temperature (RT) (3337). Because the Bragg spacings of previously determined SFX structures of metalloenzymes were longer than typical covalent bond lengths found in macromolecules ($1.5 Å ), it has been difficult to obtain, at the chemical level, new structural insights into the reaction mechanisms of metalloenzymes. CuNiR crystals used in this study have been known to diffract X-rays well; therefore, we could determine its high-resolution SFX structure. We here would like to report our results in detail.
Materials and Methods
Sample preparation of CuNiR from Geobacillus thermodenitrificans (GtNiR) Geobacillus thermodenitrificans copper nitrite reductase (GtNiR) was expressed and purified as described previously (30) . We used chloride-free buffers for all the steps of purification and crystallization. Microcrystals for SFX were obtained by a rotational crystallization technique using nanoseeds of the protein as follows. Macrocrystals were transferred to a 1.5 ml tube (Eppendorf, Hamburg, Germany) containing 1 ml of solution composed of 100 mM sodium acetate buffer (pH 4.5), 5.5% (w/v) polyethylene glycol 4,000 and 75 mM CuSO 4 . After sonicating the crystals on ice with a UD-211 ultrasonicator (Tomy Seiko Co., Tokyo, Japan), the solution was centrifuged and the supernatant was collected as a nanoseed solution. In a 15 ml centrifuge tube (AS ONE Co., Osaka, Japan), 4 ml of the 20 mg/ml protein solution was mixed with 4 ml of the precipitant solution, which was composed of 100 mM sodium acetate buffer (pH 4.5), 15% (w/v) polyethylene glycol 4,000, 75 mM CuSO 4 and then 160 ml of the nanoseed solution was added. The centrifuge tube had been rotated on a RT-50 culture rotator (TITEC, Saitama, Japan) at $30 rpm for 1 week at RT. The microcrystal solution was filtered through a 30 mm CellTrics filter (Chiyoda Sci. Co., Tokyo, Japan) and adjusted to a number density of $4.4 Â 10 8 crystals/ml by adding 4 ml of the precipitant solution.
Synchrotron data collection
Cryogenic SRX datasets were collected using microfocus beamline BL32XU at SPring-8 (38) . A large single crystal of GtNiR (915 Â 620 Â 230 mm 3 ) was flash-cooled by immersion in liquid nitrogen and mounted on a conventional goniometer with the longest axis roughly directed towards the horizontal rotation axis. Along the longest edge of the crystal, 120 irradiation points were chosen. The regular intervals between the irradiation points were 7.6 mm, which is sufficient to separate the radiation damage at each irradiation point. The beam at a wavelength of 0.7500 Å was focused to 15 mm (height, H) Â 1.0 mm (width, W) with a photon flux of 8 Â 10 11 photons/s. Using the helical scan method, a total of seven datasets (SR1SR7) were repeatedly collected in order from the same points of the same crystal except for absorbed X-ray dose per frame. The exposure time for each image was 1 s. For datasets SR1, SR3, SR5 and SR7, each image was collected with an absorbed dose of 0.064 MGy/frame with a 92.3% attenuated beam, while for datasets SR2, SR4 and SR6, the dose corresponded to 8.252 MGy/ frame without attenuation. The X-ray doses were calculated with RADDOSE (39) . The parameters and statistics are summarized in Table I. RT data collection was performed at BL38B1 of SPring-8 (40), as described previously (41) . The dataset was collected from one position of a single crystal using an ADSC Quantum 315 chargecoupled device (CCD) detector (Area Detector Systems Co., CA, USA). The beam size was 50 mm (H)Â 88 mm (W). The oscillation angle and exposure time per image were set to 1 and 1.5 s, respectively. A total of 120 diffraction images were collected from the single crystal. The parameters and statistics are summarized in Table II .
Structure determination of the SRX structures All of the datasets were indexed and integrated using HKL2000 (42) . The phases were determined by the molecular replacement method using MOLREP (43) with a GtNiR monomer (Protein Data Bank (PDB) code 4ZK8) as a search model. Manual model building was performed using WinCoot 0.7 (44) . The program REFMAC5 (45) from the CCP4 suite (ver. 6.5.0) (46) was used for structural refinement. Anisotropic displacement parameters were introduced after water molecules were built in the models. The final models were checked for stereochemical quality using MolProbity (47) .
Single-shot XFEL data collection
The experiment was performed at BL3 of SPring-8 Angstrom Compact Free-Electron Laser (SACLA) in Hyogo, Japan (48) . Using 210 fs XFEL pulses, we collected diffraction patterns from greenish-blue (aerobically oxidized) GtNiR microcrystals ( Supplementary Fig. S1a ). The pulse duration shorter than 10 fs is quite important to obtain intact metalloprotein structures, because ultrabright XFEL beams damage electronic structures of heavy atoms in a few tens of femtoseconds (49) and can destroy the natural structures of metal centres (50) . A liquid injector (nozzle aperture diameter: 200 mm) with a sample circulation system was used (51) . Microcrystal sample (5.5 ml) was placed in a reservoir. The flow rate was set to 5.3 ml/min (70 cm/s). The injector was installed in a helium ambiance, diffraction chamber enclosure: Diverse Application Platform for Hard X-ray Diffraction in SACLA (DAPHNIS) (52) . The liquidstream width was nearly the same as the aperture size. The sample chamber was maintained at a temperature of 300 K with a humidity of 8599%. The diffraction patterns were collected using a short-working-distance octal multiport CCD detector (53) with XFEL radiation. The microcrystals were exposed to single X-ray pulses at a photon energy of 11.0 keV. The pulses consisted of 5 Â 10 10 photons/pulse were focused to 2.5 mm (H) Â 2.0 mm (W) at the interaction point using KirkpatrickBaez mirrors (54) . The repetition rate was 30 Hz, and the typical pulse energy at the sample was 90 mJ/pulse. The parameters and statistics are summarized in Table III .
Structural determination of the SFX structure A total of 180,942 images were collected, of which 139,391 diffraction images were identified and 37,186 images were indexed and merged using CrystFEL (55) . The data was indexed as space group R3 and processed as space group H3. Indexing ambiguity in SFX was solved by an algorithm that clusters snapshots (56) . The phase was determined by molecular replacement using MOLREP with the GtNiR monomeric unit (PDB code 4ZK8) as a search model. Manual model building was performed using WinCoot 0.7. The program REFMAC5 from the CCP4 suite (ver. 6.5.0) was used for structure refinement. The microcrystals diffracted X-rays beyond 1.4 Å resolution ( Supplementary Fig. S1b ) but the statistics of highresolution shells, such as CC 1/2 and R split , were poor ( Supplementary  Fig. S2 ). We therefore performed paired refinement to determine the 'nominal resolution', based on the idea that proper use of weaker and noisier but higher-resolution data can provide better models (57, 58) . Actually, inclusion of noisy high-resolution data enables the better analysis of SFX data (59) . The result of paired refinement showed that including higher-resolution data provided a better model than rejecting it ( Supplementary Fig. S3a ). The student's ttest P value calculated from CC 1/2 in the highest resolution shell cut at 1.43 Å resolution (0.0417, n = 7,859) was 0.000214, which is less than the significance level = 0.001 ( Supplementary Fig. S3b ). Conversely, the P value calculated from CC 1/2 in the highest resolution shell cut at 1.42 Å resolution (0.0246, n = 8,164) was 0.0261, which is greater than (Supplementary Fig. S3b ). Based on these things, we chose to use data up to 1.43 Å resolution, and performed further refinement. The final model was checked for stereochemical quality using MolProbity.
Results

Radiation damages to GtNiR in SRX
The structures for SR1, SR3, SR5 and SR7 data were refined against data to 1.50 Å resolution, whereas those for SR2, SR4 and SR6 data were refined to 1.34 Å resolution (Table I) . Root-mean-square deviations (RMSDs) for C a atoms between seven structures were at most 0.1 Å . Changes in ligandT1Cu distance fell within the range of coordinate errors (Table IV) , indicating that the T1Cu site did not show significant structural changes that can be detected at resolutions of our present structures. Conversely, the T2Cu site showed obvious structural changes induced by X-ray irradiation: two water ligands (WatC and WatD) were present on T2Cu in the SR1 structure, while the electron density of WatD was not observed in other SR data (Fig. 1a) . Furthermore, with increasing X-ray dose, the T2Cu atom gradually sank towards a 'ligand plane' composed of three N "2 atoms of His ligands (Fig. 1b  and c) .
Completely oxidized GtNiR structure determined by SFX The SFX structure was refined to 1.43 Å resolution (Table III , see Materials and Methods). The final R work and R free values were 13.7 and 14.9%, respectively, showing that the model has a good agreement with the experimental data. RMSDs of C a atoms between the SFX structure and cryogenic SRX structures were 50.2 Å . Anomalous peaks of T1Cu and T2Cu were clearly observed (Fig. 2a) . The ligandT1Cu distances in the SFX structure were the same as those in the SRX structures within the range of coordinate errors (Table IV) . T2Cu in the SFX structure was coordinated by three histidine residues, WatC and WatD (Fig. 2b) . The distance from T2Cu to the ligand plane was longer than those of the SRX structures (Fig. 1c) , although it is almost the same as that in the SR1 structure within the range of coordinate errors.
An unidentified electron density was observed in the vicinity of T2Culigand water molecules in the SFX data (Fig. 2b) . We tentatively assigned this to a 40% occupancy sodium ion (Na + ) from the crystallization buffer for the following reasons. The peak assigned to Na + was close to WatB, WatC, WatD and Asp98 (Asp cat ) as shown in Fig. 2c . The distances from the assigned Na + to water molecules or Asp98 were shorter than typical hydrogen bonds but longer than typical covalent bonds in protein crystal structures. We could rule out a disordered water model because all water molecules in Fig. 2c showed full occupancy. It is, therefore, reasonable to speculate that the atom at the peak is a metal ion and forms coordination bonds with water and Asp cat . The peak did not show an anomalous peak, meaning that it is not Cu. Na + was the only metal ion, other than Cu, in the crystallization solution. Furthermore, Asp cat can easily form a coordination bond with a cation because it is deprotonated in the resting state (60) .
Presumably because of the high concentration of CuSO 4 in the crystallization buffer, there existed an anomalous peak of 20% occupancy Cu bound to His244 (His cat ) in the SFX data (Fig. 2a,  Supplementary Fig. S5 ). Because the Cu atom was very close to bridging water (1.44 Å , Supplementary  Fig. S5 ), we regarded the Cu atom and bridging water were alternative structures. The occupancy of bridging water was 80%. This anomalous peak of Cu was also observed in a previously determined cryogenic SRX structure (PDB code 3X1E, Supplementary Fig.  S6 ). CuNiR has evolutionary and structural relationship with some multicopper oxidases (MCOs) (6164), and His cat in CuNiR is superimposed to one of the His ligands to a trinuclear copper centre in the MCOs (63, 64) . Therefore, the binding of extra Cu to His cat is not a surprising phenomenon.
RT SRX structure of GtNiR
Cryo-manipulations of protein crystals in SRX can change the population of amino acid side chains (65, 66) . Due to its thermostability, GtNiR macrocrystals can be used in SRX without cryo-cooling (41); therefore, we determined an RT SRX structure of GtNiR to judge whether the observed structural differences between cryogenic SRX and SFX structures were derived from X-ray photoreduction and not from the difference of measurement temperatures. The RT SRX structure was refined to 1.35 Å resolution (Table II) . The final R work and R free values were 9.7 and 12.0%, respectively. RMSDs of C a atoms between the RT SRX and cryogenic SRX structures were 50.2 Å . The RMSD of C a atoms between the RT SRX and SFX structure was 0.08 Å .
The T2Cu in the RT SRX structure was coordinated by three His ligands and two water molecules ( Supplementary Fig. S7 ). The distance from T2Cu to the ligand plane was shorter than that of the SR1 structure and longer than those of other SRX structures (Fig. 1c) , albeit within the range of errors. However, it is obvious that the distance was shorter than that in the SFX structure. The electron density map of the RT SRX data has a strong positive peak around WatC with full occupancy ( Supplementary  Fig. S4c ). We also observed an unidentified positive electron density peak ( Supplementary Fig. S4c ) at the corresponding position of the putative Na + site in the SFX structure ( Supplementary Fig. S4b ), though the signal was too weak to place any atomic model there. The observation that both RT SRX and SFX data show this electron density means, at least, that it is not the result of photoreduction.
The electron density map of the RT SRX data showed a strong electron density peak near His cat . When water is assigned there, the modelled molecule was too close to His cat (52.0 Å ). Therefore, it was likely to be a Cu ion coordinated by His cat ( Supplementary  Fig. S7 ) as was observed in the SFX structure and the 3X1E structure.
Redox-coupled conformational change in His cat
Compared with the SFX structure, cryogenic and RT SRX structures revealed that the imidazole ring and the C b atom of His cat rotated $10 and moved 0.3 Å , respectively ( Fig. 3a and b, Supplementary Fig. S8 ). To confirm that it is not the result of cutting the SFX data at 1.43 Å resolution, we refined the SFX structure against the data to 1.65 Å resolution, where CC 1/2 $ 0.5 and R split 5 100 (Supplementary Fig. S2 ), and the conformation of His cat did not change ( Supplementary  Fig. S9 ). The N d1 atom of His cat forms a bifurcated hydrogen bond with the hydroxyl oxygen atom of Thr268 and the backbone carbonyl oxygen atom of Gln267 (Fig. 3b) . The His cat rotation changes the states of the bifurcated hydrogen bond. To qualitatively evaluate this subtle change, we modelled hydrogen atoms of His cat at the ideal positions without refinement. Figure 3c shows that with increasing of X-ray dose, the y1 (N d1 HO Gln ) angle and the y2 (N d1 HO Thr ) angle decreased and increased, respectively.
Discussion
Geometrical changes at Cu sites
We recently demonstrated that T1Cu in a GtNiR crystal is reduced by at least an X-ray dose of 0.041 Mgy (30) . Because even the X-ray dose for SR1 was higher than this value (Table I) , T1Cu in the present SRX structures must be, more or less, reduced. However, the geometries around T1Cu did not show significant differences between the SRX structures and the completely oxidized SFX structure (Table IV) . It is not surprising because spectroscopic studies have revealed that the typical changes in ligandT1Cu distance in reduction are 50.1 Å so as to minimize the reorganization energy in ET (67) .
We revealed that X-ray irradiation made the T2Cu atom gradually move towards to the ligand plane (Fig. 1c) . Sunken T2Cu atoms have been observed in the reduced forms of other CuNiRs (6870). Therefore, contrary to the previous report (24) , our result indicates that T2Cu free of NO 2 À can be reduced in SRX. This conclusion is reasonable because our crystal was crystallized at a pH low enough (pH 4.5) for intramolecular ET without NO 2 À binding to occur dominantly (28) . Although the T2Cu sites in CuNiR crystals lose ligand water when it is harshly reduced by artificial reductants (6870), it is just one of the reduced states of T2Cu, called inactive reduced state, and a normal reduced state retains water ligand (29) as was observed in our structures (Fig. 1a) .
Conformational change of His cat
The structural change of His cat cannot be caused by coordination of Cu or the presence of Na + above the T2Cu site, because the former was found also in the cryogenic and RT SR structures ( Supplementary Fig.  S6 and S7) and the latter was found also in the RT SR structure (Supplementary Fig. S4c) . The difference of measurement temperature is not a major cause of the structural change (Fig. 3b) . Thus, the conformational difference in His cat between the SFX and SRX structures is most likely to result from photoreduction of the Cu sites. Indeed, the observed conformational change was small and is probably due to the rigid catalytic site of thermostable GtNiR (71) .
Interestingly, there is a hydrogen bond between T2Cu ligand His100 and the side chain of Gln267, and His100 is located at the end of a sensor loop (Fig. 4a) , which is thought to transmit information about T1Cu's redox state to T2Cu (8, 72) . Although the ThrGln pair (or ThrGlu in some CuNiRs) composing the bifurcated hydrogen bond has been ignored for long, they are conserved in CuNiRs except for a few CuNiRs, which have Ser at the position of Thr (Fig. 4b) . The nitrite reduction activity of Ser-containing CuNiR is lower than the activity of Thr-containing CuNiR (70, 73) . The crystal structures of Ser-containing CuNiRs show that the Ser residue does not always form a hydrogen bond with His cat (70, 73) . These facts imply the enzymatic importance of the hydrogen bond between His cat and Thr. The rotation of the imidazole ring changes the y angles of the bifurcated hydrogen bond (Fig. 3c) . Generally, the y angle is used as an indicator of hydrogen bond strength. Strong, moderate and weak hydrogen bonds tend to show 170180 , 150180 , 90150
y angles, respectively (74) . Therefore, the His cat rotation strengthens the hydrogen bond between His cat and Thr and weakens the hydrogen bond between His cat and Gln/Glu. Because the hydroxyl oxygen atom is less negatively polarized than the carbonyl oxygen atom, this structural change may destabilize the positive charge on His cat , which may facilitate transfer of a proton to the bridging water between Asp cat and His cat (Fig. 4a) . His cat has been suggested to directly provide a proton to NO 2 À (19, 75) ; however, our results indicate another possibility. His cat may function as a switch for proton relay.
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